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Abstract 

Background: Vanous fabrication methods are used to improve the stability and osseointegration of screws within the host 
bone. The aim of this study was to investigate whether roughened surface titanium screws fabricated by electron beam 
melting can provide better stability and osseointegration as compared with smooth titanium screws in sheep cervical 
vertebrae. 

Methods: Roughened surface titanium screws, fabricated by electron beam melting, and conventional smooth surface 
titanium screws were implanted into sheep for 6 or 12 weeks (groups A and B, respectively). Bone ingrowth and implant 
stability were assessed with three-dimensional imaging and reconstruction, as well as histological and biomechanical tests. 

Results: No screws in either group showed signs of loosening. Fibrous tissue formation could be seen around the screws at 
6 weeks, which was replaced with bone at 12 weeks. Bone volume/total volume, bone surface area/bone volume, and the 
trabecular number were significantly higher for a define region of interest surrounding the roughened screws than that 
surrounding the smooth screws at 12 weeks. Indeed, for roughened screws, trabecular number was significantly higher at 
12 weeks than at 6 weeks. On mechanical testing, the maximum pullout strength was significantly higher at 12 weeks than 
at 6 weeks, as expected; however, no significant differences were found between smooth and roughened screws at either 
time point. The maximum torque to extract the roughened screws was higher than that required for the smooth screws. 

Conclusions: Electron beam melting is a simple and effective method for producing a roughened surface on titanium 
screws. After 12 weeks, roughened titanium screws demonstrated a high degree of osseointegration and increased torsional 
resistance to extraction over smooth titanium screws. 
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Introduction 

Titanium alloy screws, such as anterior plate screws and pedicle 
screws, are routinely used in orthopedics to maintain the stability 
of an implant. However, screw loosening, such as aseptic 
loosening, which is caused by a weakened interface between the 
screw surface and the surrounding bone, results in fixation failure 
[1-3], with potentially severe complications for the patient [4] . It is 
now widely accepted that the surface topography of titanium alloy 
screws plays a fundamental role in the attachment, proliferation, 
and differentiation of osteoblasts at the repair site, all of which is 
important for the successful osseointegration of the screw with the 
host bone. Many studies show that titanium alloy screws with a 
roughened surface offer good cell attachment and differentiation. 
Anselme et al. observed higher levels of adhesion and differenti- 
ation of osteoblasts on roughened surfaces than on smooth and 
polished surfaces [5], and other studies have also confirmed that 



higher numbers of osteoblast adhere to roughened surfaces than 
smooth surfaces [6,7]. 

Various methods for fabricating rough-surfaced titanium alloy 
implants have been considered. Jenny et al. compared osteoclast 
activity on smooth, acid-etched, or sandblasted acid-etched 
titanium. They found similar osteoclast characteristics on the 
rough titanium surfaces but reduced osteoclast activity on smooth 
surfaces [8] . Yang and co-workers [9] treated porous titanium with 
H202/TaCl5 or H202/TaCl5 plus a subsequent incubation in 
simulated body fluid. They then investigated the effect of surface 
treatments on the attachment and differentiation of mesenchymal 
stem cells (MSCs). Their results suggest that a rough surface has a 
greater potential for promoting MSG differentiation along the 
osteogenic lineage. Thereafter, further evidence suggests that a 
rough or microporous structure endows titanium implants with 
osteoinductive properties [10-12]. 

Studies also illustrate that titanium alloy screw stability can be 
augmented by changing its shape. Wan and co-workers [13] 
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Figure 1. (A) Conventional titanium alloy screw with a smooth surface 
(SS). (B) Titanium alloy screws with a roughened surface (RS) were 
fabricated by electron beam melting (EBM). 
doi:1 0.1 371/journal.pone.00961 79.g001 

compared the biomechanical and histological properties of 
expandable pedicle screws (EPSs) and standard pedicle screws in 
osteoporotic spines of sheep. They found that EPSs resulted in 
better biomechanical and histological properties as compared with 
standard screws. Others [14,15] have reported similar findings, 
showing that EPSs offer a 30% increase in bone puUout strength as 
compared with conventional pedicle screws. 

To prevent screw loosening, chemical or physical methods can 
be used to modify the screw surface or improve local stability. 
However, the use of chemical reagent to adjust the properties of 
screws has limited use in clinical applications. In this study, we 
sought to investigate improvements in the biomechanical and 
histological properties of surface titanium screws roughened using 
electron beam melting (EBM) in sheep cervical spine. 




Figure 2. The surgical sites where the screws were placed. 

doi:10.1371/journal.pone.0096179.g002 




Figure 3. Scanning electron microscopy images of (A) smooth 
surface (SS) screws and (B) roughened surface (RS) screws. The 

melted Ti6Al4V powder can be observed clearly in Fig. 38. 
doi:1 0.1 371/journal.pone.00961 79.g003 

Materials and Methods 

Screws 

Two experimental groups were created: an experimental group 
(n=16), comprising titanium alloy screws with a roughened 
surface (RS), and a control group (n=16), comprising conven- 
tional titanium alloy screws with a smooth surface (SS). All screws 




Figure 4. Histological sections of smooth surface (SS) (A, C and 
E) and roughened surface (RS) (B, D and F) screws at 6 weeks. 

Fibrous tissue formation can be seen around the screws, as indicated by 
the red arrow. Black arrows indicate the bone tissue. 
doi:1 0.1 371/journal.pone.00961 79.g004 
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Figure 5. Histological sections of smooth surface (SS) (A, C and 
E) and roughened surface (RS) (B, D and F) screws at 12 weeks. 

Fibrous tissue, which was evident at 6 weeks, had almost disappeared 
by this timepoint. Black arrows indicate that the bone tissue integrates 
with the screws and grows into the gaps of the RS. 
doi:1 0.1 371 /journal. pone.00961 79.g005 

had an outer diameter of 5 mm and a length of 25 mm (Fig. 1). 
Screws in the RS group were fabricated by EBM S12 system 
(Acram AB, Sweden). Briefly, titanium alloy powder (Ti6A14V, 
particle size 45-100 um) was melted in a layer-by-layer fashion in 
the EBM S 1 2 system and the excess powder was removed from the 
implant. A scanning electron microscope (SEM) was used to study 
the micro-structural surface characteristics. 

Study Design 

This study was approved by the animal ethics committee of the 
Peking University Health Science Center (Approval Number: 
LA2013-71). 

Eight adult male Small Tail Han Sheep (48.1 ±5.8 kg; 18±5 
months of age) were used in this study. The sheep were 
anesthetized and placed in a supine position. A vertical incision 
was made at approximately C3 and C4 level to expose the anterior 
cervical vertebral elements. Using a high-speed burr, two 
platforms with a diameter of 5 mm were ground on the C3 and 
C4 vertebral bodies. An electric drill was then used to create a 
uniform 3-mm pilot hole into which four screws (2 RS and 2 SS) 
were implanted (one RS and one SS per vertebral body) (Fig. 2). 

Table 1. ROI parameters of the SS and the RS screws (mean± 



Four screws (2 RS and 2 SS) were harvested for histological 
examination and 12 screws (6 RS and 6 SS) for biomechanical 
testing followed by micro-CT at 6 and 12 weeks (/z = 8 at each time 
point). 

Histology 

Specimens were harvested, fixed in 10% formalin for 2 weeks, 
dehydrated in graded ethanol (40%, 75%, 95%, and 100%) for 2 
days under vacuum, and then embedded in methylmethacrylate. 
Thick slices (150-300 |im) were cut from the blocks and ground to 
a thickness of 40-50 |im using transverse saw cuts and a polishing 
machine (Exact Band Saw; Exact Apparatebau, Norderstedt, 
Germany). Each specimen were cut 20 to 30 sections for analysis 
and sections were stained with toluidine blue. 

Three-dimensional Imaging and Reconstruction 

Specimens were dissected into cylinders of 20 mm in diameter, 
using the screw as the center point, for scanning with an X-ray 
micro-tomography system scanner (Inveon, Siemens Medical 
Solutions Inc. Malvern, PA, USA). Briefly, cut specimens were 
placed vertically onto the sample holder with the long axis of the 
implant perpendicular to the scanning beam. The samples were 
then scanned at a resolution of 26. 1 |im and serial images of the 
complete construct were obtained. An equal-sized region of 
interest (ROI) surrounding the RS and SS screws was constructed 
and all images were analyzed under the same thresholding 
conditions. 

Mechanical Testing 

Specimens were kept frozen at — 20°C in two plastic bags until 
biomechanical testing. The specimens were thawed overnight at 
6°C according to the method described by Panjabi et al. [16], and 
were then embedded in polymethylmethacrylate. Mechanical 
testing was performed using a servohydraulic materials testing 
machine (MTS 858 Bionix machine, MTS System Inc., Minne- 
apolis, MN, USA). 

For puUout tests, extraction tension was applied a rate of 
0.2 mm/s over a total distance of 10 mm. From the puUout tests, 
the stiffness (N/mm) and axial force (N) of each screw were 
calculated. The peak puUout load was defined as the highest load 
that the bone-screw interface could resist before failure. 

For the torsion tests, screws were rotated 30° counter-clockwise 
at a speed of 0.5°/s. From the torsion tests, the maximum torque 
(Nmm) and the angle-related stiffness (Nmm/°) were calculated. 

Statistical Analysis 

Data analysis was performed using SPSS Version 18.0 
(Chicago, IE, USA). Results are depicted as means ± standard 
deviations. For the three-dimensional image analysis, the param- 
eters were compared using the Mann-Whitney U test. Student's 





Parameter 


SS (6 weeks) 


RS (6 weeks) 


SS (12 weeks) 


RS (12 weeks) 


BV/TV (%) 


72±4 


76±6 


73±5 


82±2 


BS/BV (mm^) 


4.1 3 ±0.07 


4.32±0.2 


4.18±0.67 


4.51 ±0.1 


Tb.Th (mm) 


0.44 ±0.04 


0.49 ±0.06 


0.45 ±0.02 


0.47 ±0.04 


Tb.N (mm^) 


1.56±0.12 


1.53±0.06 


1.61 ±0.12 


1.89 ±0.03 


BV/TV: Bone volume/Total volume; 


BS/BV: Bone surface area/Bone volume; Tb.Th: Trabecular thickness. Tb.N: Trabecular number. 





doi:1 0.1 371/journal.pone.00961 79.t001 
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Figure 6. Pull-out test curves of smooth surface (SS) and 
roughened surface (RS) screws at (A and B) 6 weeks and (C and 
D) 12 weeks. Black arrows indicate the highest load that the bone- 
screw interface could resist before failure. 
doi:1 0.1 371 /journal.pone.00961 79.g006 

two-tailed t-test was applied to compare of puUout and torque 
data. Differences were deemed to be significantly different when 
P<0.05. 



Results 

Screws 

SEM images of the screw surface microstructure for RS and SS 
screws are depicted in Figure 3. The roughness of the RS screw 
surface can be seen as well as the melted Ti6A14V powder 
(Fig. 3B). 

Histology 

After 6 weeks of implantation, fibrous tissue formation could be 
seen around the RS and SS screws. By 12 weeks, this fibrous tissue 
formation had been mostly replaced with newly formed bone 
(Figs. 4 and 5), which was observed to make contact with the screw 
at the bone-screw interface, and newly formed bone grew into the 
gaps on the RS surface, but not into SS screws. 

Three-dimensional Imaging and Reconstruction 

An ROI surrounding the RS and SS screws was reconstructed 
and analyzed using the same thresholding conditions. At 12 weeks, 
the bone volume/total volume (BV/TV; 82% —2%), bone surface 
area/bone volume (BS/BV; 4.51 ±0.1 mm ^) and trabecular 
number (Tb.N; 1.89 ±0.03 mm"^) within the ROIs of the RS 
screws were significantly higher than those of the SS screws (BV/ 
TV, 73%±5%; BS/BV, 4.18±0.67 mm"^ Tb.N, 
1.61±0.12 mm"^; P<0.05; Table 1). Furthermore, Tb.N 
(1.89±0.03 mm"^) for the RS screw ROI at 12 weeks was 
significantly greater than that observed for the RS screw ROI at 6 
weeks (1.53 ±0.06 mm"^; P<0.05). 




Torsional Angle (Degree) Torelonal Angle (Degree) 



Figure 7. Torsion test curves of smooth surface (SS) and roughened surface (RS) screws at (A and B) 6 weeks and (C and D) 12 
weeks. Black arrows indicate where the RS fractured in relation to the stress. 
doi:1 0.1 371 /journal.pone.00961 79.g007 
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Group A 



Group B 



Group ID 



Figure 8. (A) Stiffness and (B) angle-related stiffness at 6 
(group A) and 12 weeks (group B). 

doi:1 0.1 371 /journal.pone.00961 79.g008 

Mechanical Testing 

A significant increase was noted in the maximum puUout 
strength required as the in situ duration of the screw increased 
(1429.67 ±28.09 N at 6 weeks vs. 2555.03±71.08 N at 12 weeks in 
the SS group; and 1470.1 ±59. 13 N at 6 weeks vs. 
2668.38± 107.66 N at 12 weeks for the RS group; P<0.05; 
Fig. 6); however, no significant difference was observed between 
the two groups at either time point. At both 6 weeks and 1 2 weeks, 
respectively, the maximum torque required in the RS group 
(1729.25±68.07 Nmm and 1753.67±63.60 Nmm, respectively) 
was significantly higher than that in the SS group 
(941.15±41.29 Nmm and 943.88±53.25 Nmm, respectively; 
P<0.05; Fig. 7). Similar differences were found for measurements 
of stiffness and angle-related stiffness between the RS and SS 
groups at both the 6- and 12-week time points (Fig. 8). For the 
torsion tests, the RS screws fractured following rotation of 6-7°, 
whereas SS screws failed at a lower degree of rotation. The 
fractured end of one of the RS screws is shown in Figure 9. The 
image also shows each layer of the melted Ti5Al4V (No 1—4) and 
the broken end (black arrow). The results of mechanical testing are 
summarized in table 2. 

Discussion 

Screw loosening still constitutes a significant problem in 
orthopedics [17]. Traditionally, cement augmentation or expand- 
able screws have been used to improve implant fixation. However, 
"cement disease" caused by osteolysis can result in implant 
loosening, and expandable screws can only strengthen the local 
mechanical property of the tissue and are thus potentially 












\ 






'4o6um 1 



Figure 9. Scanning electron microscopy image of the broken 
end of roughened surface (RS) screw; each layer of the melted 
Ti6AI4V (No 1-4) and the broken end (black arrow) can be 
observed clearly. 

doi:1 0.1 371/journal.pone.00961 79.g009 

inadequate for osteoporosis patients where bone is already much 
weaker. Thus, cementless techniques continue to be improved 
with the aim of improving and augmenting fixation. Broadly 
speaking, cementless techniques are those that modify the implant 
surface morphology, referred to as 'surface coatings', which 
includes techniques such as plasma-sprayed coatings, acid etching, 
and other electrochemical processes, or grit blasting with abrasives 
[18,19]. A variety of materials may be modified by these surface 
coating methods. Ti5Al4V is a medical material that is considered 
to have high biocompatibility and is therefore routinely used in 
bone repair strategies [20]. Most custom titanium implants are 
fabricated by machining, casting, and the various surface coatings 
described above [21,22]. However, direct metal fabrication, such 
as EBM, offers advantages over these technologies because it not 
only changes the implant surface morphology directly, but it can 
be used to fabricate implants with specific shape and structure, 
according to computer-aided design (CAD) files. 

Haslauer and co-workers [23] assessed the biocompatibility of 
human adipose-derived adult stem cells on EBM TieA^V discs as 
compared with Ti6Al4V discs from a commercial source. They 
found that a porous EBM structure supported increased cell 
proliferation without an increase in IL-6 and IL-8 expression, 
indicating better biocompatibility between the cells and the EBM- 
fabricated specimens. Other in vitro studies have also shown that 
rough titanium can improve mesenchymal stem cell differentiation 
[24-26] . It is widely accepted that a RS is also an effective way to 
promote implant stability [27—29]. A rougher surface not only 
improves friction between the host bone and the implant, but 
allows bone growth into the gaps on the surfaces of the scaffold, 
thus promoting bone-implant anchorage. Indeed, our SEM and 
histological analyses (Figs. 3, 4, and 5) showed increased bone 
ingrowth in the RS surfaces. Hansson and Norton [30] observed 
that half-spherical micropits achieved the greatest cell retentive 
capacity and that a diameter of 1-5 |im was the optimal size for 
these pits; the surface characteristics of the RS surface in our study 
were consistent with this conclusion. The roughened structure also 
increases the surface area of the implants. Thus, compared with 
smooth surfaced implants with a similar shape and fabricated with 
the same material, those with a rougher surface will show 
improved adhesion to bone tissue and provide increased stability. 
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Table 2. Mechanical testing results of pullout tests and torsion tests (mean±SD). 





Parameter 


SS (6 weeks) 


RS (6 weeks) 


SS (12 weeks) 


RS (12 weeks) 


Maximum pullout strength (N) 


1429.67 ±28.09 


1470.1 ±59.13 


2555.03±71.08* 


2668.38± 107.66* 


Maximum torque (Nmm) 


941.15±41.29 


1729.25 ±68.07^ 


943.88± 53.25 


1753.67±63.60* 


Stiffness (N/mm) 


41 2.35 ±12.04 


454.1 2 ±29.24 


589.57±30.70* 


671.82±20.01* 


Angle-related stiffness (Nmm/degree) 


33.33±7.83 


202.48±49.87^ 


31.77±3.12 


236.90± 57.42* 



*For the maximum pullout strength and stiffness, significant difference was observed between SS and RS in the same group, and for the maximum torque and angle- 
related stiffness, there was significant difference between the two groups at either time point. 
doi:1 0.1 371/journal.pone.00961 79.t002 



Our histological staining indicated an increase in tissue production 
around the RS screws, and our three-dimensional micro-CT 
imaging results confirmed this speculation, with an increased bony 
surface area for RS screws and an enhanced implant-bone contact 
area. 

For the pullout tests, we observed no significant difference 
between the SS and RS screws at both 6 and 12 weeks, although 
maximum pullout strength did increase significantly over time. We 
speculated that this lack of difference might be because the SS and 
RS screws have a similar shape, size, pitch, and thread depth. 
Previous studies have shown that maximum pullout strength can 
be affected by changing the screw shape. Kim et al. [31] evaluated 
fixation strength using screws with different thread shapes and 
found that, regardless of bone density, screws with an inner conical 
and outer cylindrical configuration and a V-shaped thread 
produced the maximum pullout strength. Choi and co-workers 
[32] also showed that pullout strength was based on screw thread 
shape, with a V-shaped design showing the largest strength, 
followed by a square and then a buttress design. Gao et al. [33] 
evaluated the fixation strength of conventional and expansive 
pedicle screws (CPS and EPS) and found that, compared with the 
CPS group, the maximum pullout strength in the EPS group was 
increased by 18.2%, 36.5%, 27.2%, and 51.5% in bone samples 
determined as normal, osteopenic, osteoporotic, and severely 
osteoporotic, respectively, according to bone mineral density 
measurements. 

For the torsion tests, the RS screws fractured when they were 
rotated to approximately 6-7°, and the corresponding torque at 
fracture was greater than the maximum torque withstood by SS 
screws, indicating that bone grew into the gaps of the RS screws 
thereby increasing the resistance to torque. As shown in Figure 9, 
the fracture occurred along the bone-implant interface, which is a 
zone that contains stress concentrations. In addition, the image 
shows each layer of the melted Ti5Al4V (No 1-4), which is a 
limitation of using EBM for fabrication. EBM produces metal 
implants with melted metal powder in a layer-by-layer fashion; 



thus the binding between adjacent layers will not be as tight in this 
type of screw and may lead to implant fracture. This drawback can 
be remedied by fabricating a compact structure for bone-implant 
interfaces. Indeed, we believe that the stability of the screws can be 
improved by increasing the area of the bone-implant interface in 
addition to changing its shape to improve the long-term stability of 
the screws. 

Our findings should be interpreted within the context of the 
study limitations. In this investigation, we only evaluated the 
histological and biomechanical properties of the roughened 
titanium screws fabricated by EBM. Thus, further studies 
concerning the relationship between screw structure and its 
mechanical properties should be performed. In addition, future 
studies are needed to ascertain if there are any adverse effects of 
residual Ti5Al4V powder in repair sites. 

Conclusion 

EBM is a simple and effective method for producing rough- 
surfaced screws. After 12 weeks, RS screws demonstrated a higher 
degree of osseointegration and show better anti-torsion properties 
than SS screws. This study highlights the potential of fabricating 
rough-surfaced screws by EBM, obviating the need for additional 
surface modification. 
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